Dynamic nuclear polarization (DNP)-enhanced solid-state nuclear magnetic resonance (SSNMR) spectroscopy is increasingly being used as a tool for the atomic-level characterization of surface sites. DNP surface-enhanced SSNMR spectroscopy of materials has, however, been limited to studying relatively receptive nuclei, and the particularly rare 17 O nuclide, which is of great interest for materials science, has not been utilized. We demonstrate that advanced 17 O SSNMR experiments can be performed on surface species at natural isotopic abundance using DNP. We use 17 O DNP surface-enhanced 2D SSNMR to measure 17 O{ 1 H} HETCOR spectra as well as dipolar oscillations on a series of thermally treated mesoporous silica nanoparticle samples having different pore diameters. These experiments allow for a nonintrusive and unambiguous characterization of hydrogen bonding and dynamics at the surface of the material; no other single experiment can give such details about the interactions at the surface. Our data show that, upon drying, strongly hydrogen-bonded surface silanols, whose motions are greatly restricted by the interaction when compared to lone silanols, are selectively dehydroxylated.
Introduction
Within the first half of this decade, advancements in dynamic nuclear polarization (DNP) equipment and methodology 1 have allowed the routine measurement of solidstate nuclear magnetic resonance (SSNMR) spectra of surface sites. 2 These developments have enabled, for the first time, the rapid atomic level characterization of surface species that were usually probed with lower precision using, for example, vibrational spectroscopy, EXAFS, XPS, and microscopy. SSNMR spectra of surface sites, which allow one to probe the intra and intermolecular connectivities, can now be measured on high and lowsurface materials in a matter of minutes to a few hours. The surface of metal nanoparticles has also been directly characterized by this DNPsurfaceenhanced NMR spectroscopy (DNPSENS) approach. 10, 11 Recent developments have shown that DNPSENS is amenable to the studies of very low surface area materials (~1 /g, respectively. The MSNs with 3.4 nm pores (MSN3.4) were prepared by using mesitylene as a swelling agent; 21 the synthetic procedure was otherwise identical to the MSNs having 2.7 nm pores (MSN2.7), vide infra. It is expected that the change in the pore diameter will affect the interactions between the silanol groups at the surface. For example, if we assume a 1.5 Å SiOH bond length, and a circular pore structure, the silanols would be on average 3% closer in the sample having a 2.7 nm pore diameter due to the increased pore curvature. We would then expect to observe more strongly interacting surface silanols in the MSN2.7 sample. If the swelling procedure, however, increases the concentration of surface silanols the opposite effect should be observed.
The high surface areas of these samples ensure that there is a relatively high content of radicalaccessible hydroxyl sites per volume. The extent of surface hydrogen bonding may depend on the pore morphology, as was mentioned above, and may be further altered by drying the sample in vacuo at various temperatures. This process is known to lead to the dehydration and partial dehydroxylation of the sample, as seen, for example, by gravimetric and NMR methods.
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Thermogravimetric analyses (TGA) were performed on both MSN samples under vacuum at a slow rate of 4°C/min, see Figure 1 . As can be clearly seen in the derivative thermogravimetric data (DTG), there is a constant loss of mass as the samples are heated under vacuum up to 700°C. Notably, however, there is a distinct massloss event that occurs at 245°C and 275°C for the MSN2.7 and MSN3.4 samples, respectively. The dehydroxylation of vicinal silanol groups is the most likely origin of this sharp mass loss; the desorption of weakly bound water under vacuum is known to occur near room temperature. 23 The lower dehydroxylation temperature in MSN2.7 seems to suggest that the distance separating the vicinal silanols is Oenriched water. 24 Such treatment would break the strained siloxane bridges created at the surface of the MSN during the dehydroxylation process; however, the silanols may not generally be reintroduced at the same locations.
Here, the natural abundance MSN2.7 and MSN3.4 samples were dried in vacuo for 2 hours at 25, 100, and 200°C. Due to the higher temperature that is needed for the dehydroxylation of vicinal silanols in the expandedpore version (see Figure 1) , an MSN3.4 sample dried at 300°C was also prepared. The samples were then immediately impregnated with a 16mM solution of the TEKPol biradical 15c in 1,1,2,2tetrachloroethane for the DNP SSNMR measurements.
The DNPenhanced
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O PRESTOQCPMG NMR spectra of these samples are shown in Figure 2 . For clarity, the spikeletfree spectra were also reconstructed from the QCPMG echo trains by performing a weighed sum of the echoes. 23 As can be seen from these spectra, the surface 17 O signals correspond to a broad, featureless, peak, in agreement with the amorphous nature of the surface species. By comparing the spectra of MSN2.7 and MSN3.4 samples dried at higher temperatures to the room temperature samples, it can be noticed that in both cases the signal intensity is reduced by about 50%. Accurate quantification of the intensities is, however, impossible due to different sample sizes (note that new samples must be prepared for each DNP measurement), and possible variation in DNP enhancements due to different degassing levels and radical penetration. Note that the loss in intensity cannot be attributed to the removal of adsorbed water, because 17 O NMR signals characteristic of water were not detected in any of the vacuum dried samples. It is also known that most of the absorbed water is removed by drying the sample in vacuo at room temperature. In order to quantify these motions we have designed the following simulation model. The dipolar coupling tensor, which is axially symmetric and traceless for a static spin pair, in the principle axis frame (PAF) is given by the following expression:
where ω D is the dipolar coupling constant defined as:
with γ i denoting the magnetogyric ratios of the coupled nuclei and ‹r 1,2 3 › the motionallyaveraged inverse cube of the internuclear distance between the coupled spins. As is evident from equation 2, the strength of the dipolar coupling is influenced by molecular motions, which can partially average (weaken) the dipolar coupling. Stretching modes will induce an apparent lengthening on the bond, and a reduction of ω D , due to the anharmoticity of these motions. Librations on the other hand are more complex and can lead to increased asymmetry η D of the dipolar coupling tensor, 28 defined as: 
In equation 4, represents the deviation from the equilibrium internuclear vector direction and is the width of the distribution of , which defines the amplitude of the librational motions ( Figure 5a ). To determine the effect of   on the averaged dipolar coupling constant and asymmetry parameter, we need to average the dipolar coupling tensor (in the lab     frame) over all the orientations of the distribution. The dipolar coupling tensor in the laboratory frame is reoriented as follows:
where is a rotational matrix; θ corresponds to the difference between 180° and the SiOH bond angle, which is typically around 120°. Since the distribution (equation 4) is symmetric about the equilibrium bond orientation, a considerable simplification can be made by averaging the dipolar coupling tensors with orientations of ± . This would fix the orientation of one tensor component perpendicular to the SiOH plane, which can then be simply averaged using equation 4:
If we then assume that the SiOH bond angle corresponds to 120° (i.e. = θ 60°), this simplifies to: 
The motionally averaged eigenvalues can then be obtained by numerically using the following expression:
By assuming a SiOH angle of 120°, and a OH bond length of 0.95 Å, the apparent dipolar coupling constant and asymmetry parameter of the dipolar coupling tensor are solely determined by the amplitude of the librations: . The predicted eigenvalues, relative dipolar coupling constant, and asymmetry parameter of this averaged tensor are plotted as a function of the librational amplitude in Figure 5 . As depicted in the plots, when the silanol is allowed to freely rotate (Δ = 360°), the dipolar coupling tensor is averaged to 1/8 of its static size, in agreement with the 120° SiOH bond angle. These experiments required an even greater signal to noise ratio than HETCOR, and thus it was necessary to again condense the signal into a single spikelet. As previously done, 17 the echo delay was fixed to one rotor period and the length of the first recoupling block, which precedes the 17 O excitation pulse, was incremented.
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The plots showing the integrated intensity of the spikelet as a function of the recoupling time for the 25 and 100°C samples are shown in Figure   7a ,b. We were able to fit the data from the 25°C samples using a linear combination of functions corresponding to varying librational amplitudes, such as those in Figure 6 . The sites having hindered motions have a larger apparent dipolar coupling and oscillate more strongly as a function of the recoupling time. As can be seen from the decompositions of these fits (histograms in Figure 7 ), the vast majority of the observed surface silanols exhibit such hindered librations whereas others librate with amplitudes centered near 120°. The fact that the majority of the observed silanols have restricted mobility may of course be the result of the low temperatures used here as well as PRESTO's bias towards polarizing strongly dipolarcoupled pairs. Notably, the MSN2.7 sample has a higher proportion of hindered silanols (86% vs 73%). This can be observed from the visual inspection of the recoupling curves since the 17 O SSNMR signal obtained a negative intensity after 250 μs of recoupling whereas the signal remained positive for the MSN3.4 sample.
By comparing the dipolar oscillations in samples dried at 25°C and 100°C (Figure 7) , it is also apparent that the strongly oscillating signal is greatly reduced in the samples dried at a higher temperature and that the more slowly oscillating components, appearing at longer recoupling times, are unaffected. For example, the dipolar recoupling curve in MSN2.7 dried at 100°C ( Figure 7a ) never becomes negative after 200 μs of recoupling due to the slowly oscillating component's longer signal buildup time, unlike the sample dried at 25°C. The dipolar oscillations for both MSN samples that were dried at 100°C are very similar, suggesting that the same types of silanols remain after this thermal treatment regardless of the sample, in agreement with the HETCOR data.
In view of the HETCOR data, the correlation signal at a polarization, which emphasizes the silanol sites (Q3) and leaves the Q4 sites suppressed in comparison. As can be seen from the spectra, acquired on MSN3.4 and depicted in Figure 8 , the drying process leads to a loss of intensity in the Q3Q3 correlation peak corresponding to silanol groups that are close to each other in space. Importantly, also, after being dried at a temperature of 300°C in vacuo, a temperature higher than the major weight loss observed by TGA, the Q3Q4 peak is suppressed as well. The dominance of Q4Q4 correlation is due to the significantly lower proportion of silanol groups at the surface in this sample, providing additional evidence that the weight loss observed between 100 and 300°C results from the dehydroxylation of neighboring silanols and not from dehydration. Note that it is known that a majority of the adsorbed water is removed in vacuo at room temperature. 23 29 Si 29 Si DQSQ spectra acquired on the MSN2.7 sample also show a loss in Q3Q3 intensity. 
Conclusions
We have demonstrated that it is indeed possible to perform an array of DNPenhanced SSNMR to nonintrusively probe the structure and dynamics at the surface of important materials and introduce oxygen to routine DNP SENS studies.
Experimental
Sample preparation
Cetyltrimethyl ammonium bromide (CTAB), tetraethyl orthosilicate (TEOS) and mesitylene were obtained from Aldrich and were used as received. To produce MCM-41 MSNs with 2.7 nm pores (MSN-2.7), CTAB (1.0 g), NaOH (2M, 3.5 mL) and deionized water (480 mL, 18 megohm) were mixed and placed in pre-heated oil bath (82 o C) under vigorous stirring. After the temperature stabilized at 82°C, the reaction mixture was stirred for an additional hour. TEOS (5.0 mL) was then added dropwise and the reaction was left to proceed for two more hours. The product was separated by hot filtration and washed with a copious amount of water and methanol. Finally, the surfactant was removed by acid washing and the resulting silica was dried at room temperature, and then at 100°C under vacuum. The synthesis of the MSNs with expanded pores (MSN-3.4) followed the same procedure of the MSN-27 sample, but mesitylene 
DNP NMR Spectroscopy
All DNP measurements were performed at 9.4 T using a Bruker Avance III MASDNP NMR system equipped with a 263 GHz gyrotron accessory. The samples were impregnated with a 16 mM 1,1,2,2tetrachloroethane solution of the TEKPol biradical and then packed into Si DQSQ spectra were acquired under 5 kHz MAS, using 2.8 ms (14 rotor periods) of PostC7 recoupling for DQ excitation and reconversion. 
